Abstract. Acute graft-versus-host disease (aGvHD) remains the major cause of mortality after allogeneic stem cell transplantation. Acute GvHD can be partially prevented when heme oxygenase-1 (HO-1) is induced in the recipient prior to transplantation but the mechanisms are not fully understood. Using a murine haploidentical bone marrow transplantation (BMT) model (C57Bl/6¡B6D2F1) we tested whether HO-1 induction altered the alloreactive T cell response or rather modulated the inflammatory cytokine profile early after BMT. In vivo administration of cobalt protoporphyrine IX (CoPP) did not affect the expression of MHC class I and II or the costimulatory molecules CD80 and CD86 on murine peritoneal and on splenic dendritic cells (DCs). Allospecific T cell proliferation and interferon γ secretion did not differ in mixed lymphocyte reactions using either CoPP-pretreated allogeneic recipients or control-treated DCs as stimulators. Furthermore, splenic DCs, isolated one to four days after BMT from CoPP-pretreated recipients did not show any differences in the expression of costimulatory molecules compared to untreated controls, and T cell expansion and the cytolytic capacity 14 days after BMT were equal in the control and CoPP-treated allogeneic groups. Serum tumor necrosis factor α levels were significantly reduced in CoPPtreated allogeneic recipients when compared to allogeneic controls and did not differ from the syngeneic recipients. Our results indicate that the protective effects of CoPP-mediated HO-1 induction on survival and aGvHD after allogeneic BMT involve a reduction in the proinflammatory cytokine milieu rather than alteration in allospecific T cell stimulation.
Introduction
Allogeneic bone marrow transplantation is an important therapy for a number of malignant and nonmalignant hematopoietic disorders. Unfortunately its usage is limited by several complications including acute graft-versus-host disease (GvHD), which remains the major cause for transplantation-related mortality. Through previous research, it has become evident that host antigen-presenting cells (APCs) are critically involved by presenting alloantigens to donor T cells resulting in T cell activation (1) . Activation of donor T cells results in proliferation and differentiation and leads to tissue damage in the aGvHD target organs liver, gut and skin (2, 3) . In addition, cytokine secretion such as tumor necrosis factor α (TNFα) and interferon γ (IFNγ) by both host and donor immune cells contributes to this process (4, 5) . Loss of gastrointestinal (GI) tract integrity and translocation of lipopolysaccharide (LPS) across the GI tract and into the circulation again promote further cytokine release and enhance the allostimulatory capacity of APCs (6) .
The enzyme heme oxygenase (HO) catalyses the ratelimiting step in the degradation of heme into biliverdin, carbon monoxide (CO) and free iron. Biliverdin is converted to bilirubin by biliverdin reductase, and free iron is directly sequestered by ferritin (7) . To date, three isoforms of the enzyme are characterized. HO-1 is highly inducible in different cell types (e.g. endothelial cells, fibroblasts, smooth muscle cells and macrophages) by various cellular stress signals such as irradiation, endotoxins and nitric oxide (7, 8) . HO-2 is expressed constitutively and is present at high levels in the brain, testes and the vascular system (9) , and HO-3 is also expressed in different organs such as the kidney, brain and heart. It has a lower affinity to heme than the other two and its function is unclear (10) . Previous investigations suggest that the release of heme metabolites by HO-1 mediates anti-inflammatory and anti-apoptotic signals (11) (12) (13) and that HO-1 induction results in reduced inflammation and apoptosis upon stress stimulation and prolonged graft survival in the case of solid organ transplantation (14) (15) (16) . In addition, HO-1 seems cytoprotective against irradiation and against apoptosis-inducing cytokines (17, 18) . Protoporphyrines are potent HO-1 inducers. Depending on the metal atom of the porphyrine, enzymatic HO-1 function can be activated (e.g. iron or cobalt atom) or, in the case of tin and zinc, inhibited (19, 20) . Recently, we showed that in vivo administration of CoPP prior to conditioning resulted in prolonged survival and reduced aGvHD severity after experimental murine allogeneic BMT (21) . As serum levels of interleukin 12 (IL-12) were markedly reduced in CoPP-treated animals, we hypothesized that CoPP treatment modulates APCs in this experimental setting. However, our results showed that CoPP treatment did not directly alter the stimulatory capacity of APCs and allospecific T cell stimulation, but rather mediated its protective effects by reducing the proinflammatory cytokine milieu after allogeneic BMT. Female B6D2F1 (H-2 bxd ), Balb/c (H-2 d ) and C57Bl/6 (H-2 b ) mice were purchased from Charles River Laboratories (Sulzbach, Germany) and were housed according to German animal protection laws and local institutional guidelines. Transplantation and all procedures were performed according to protocol approved by the local animal protection committee. Recipient animals received 12 or 14 Gy of total body irradiation split into two doses which were separated by a 4-h time interval to reduce gastrointestinal toxicity. Bone marrow was harvested from femurs and tibias of donor mice. Cell mixtures of erythrocyte-lysed 5x10 6 bone marrow cells and 5x10 6 splenic cells from syngeneic B6D2F1 or allogeneic C57Bl/6 donors were re-suspended in Leibovitz L-15 medium (Gibco, Karlsruhe, Germany) and transplanted into B6D2F1 recipients via tail vein infusion (0.25 ml total volume). For HO-1 induction, recipient mice received 125 μg CoPP intraperitoneally (i.p.) at day -2 and -1 before conditioning and transplantation. Control mice received phosphate-buffered saline (PBS) alone.
Materials and methods

Bone marrow transplantation (BMT).
Assessment of GvHD. The severity of GvHD was assessed by a previously described clinical scoring system, which included 5 parameters: weight loss, posture, activity, fur texture and skin integrity (22) . Mice were evaluated daily, and changes were graded from 0 to 2 for each criterion. A clinical index was subsequently generated by summation of the 5 criteria scores (maximum, 10). Animals showing a GvHD score >6 were sacrificed and counted as death due to aGHVD.
Induction of HO-1. For in vivo induction, CoPP (Frontier Scientific Products, Logan UT) was prepared under dim light because of the light sensitivity of the compound. CoPP was dissolved in 100 μl sodium hydroxide (150 mM), the pH was adjusted to 7.4 by adding hydrochloric acid and then a final concentration of 500 μg/ml was obtained by dilution with PBS. As previously described, otherwise untreated animals that received CoPP did not show any signs of toxicity such as hunching or reduction in mobility (21) . For in vitro experiments the final concentration of CoPP was 20 μM.
Cell preparation Peritoneal macrophages (MØ).
Mice were sacrificed by CO 2 asphyxiation and the peritoneal cavity was flushed subsequently with 5 ml of ice-cold PBS. Cells were washed twice, counted and seeded in teflon bags.
Dendritic cells (DCs).
Spleens were carefully dissolved between glass slides and filtered over a 70-μm cell strainer (Falcon, Le Pont de Claix, France). Cells were incubated in PBS/0.5% FCS and anti-CD11c microbeads and subsequently sorted according to the manufacturer's protocol (Miltenyi, Bergisch Gladbach, Germany). Purity was determined by flow cytometric analysis with directly labeled antibodies against CD11c and was generally ~30-40%.
T cells. For T cell isolation, splenic cells were incubated with anti-CD90 microbeads and isolated as described for DCs. Purity as determined by flow cytometry with directly labeled antibodies against CD4 and CD8 was generally >85%.
Antibodies and ELISA. Rabbit anti-mouse HO-1 (SPA-895) was purchased from StressGen (Victoria, Canada) and goat anti-rabbit IgG-FITC from Dianova (Hamburg, Germany). PE-or FITC-conjugated CD11c, CD80, CD86, H-2k, I-A, CD4 and CD8 antibodies were obtained from Becton Dickinson (Heidelberg, Germany). TNFα and IFNγ ELISAs were obtained from Biosource (Nivelle, Belgium) and R&D Systems (Wiesbaden, Germany), respectively. CD11c and CD90 microbeads were purchased from Miltenyi.
Flow cytometric analysis. Cells were washed in cold PBS/ 10% FCS and incubated on ice for 30 min with the 10% supernatant from clone 2.4G2 to block Fcγ receptors. Then, FITC-or PE-conjugated antibodies (CD4, CD8, H-2k, I-A, CD80, CD86, CD11c) were added and incubated for 30 min on ice. Cells were washed twice with cold PBS/10% FCS and analysed by FACSCalibur (Becton Dickinson).
For intracellular HO-1 staining, a protocol was used as described previously (23) . Briefly, cells were fixed using 2% formaldehyde (Merck Eurolab, Darmstadt, Germany) for 10 min at 37˚C, next ice-cold methanol was added to a concentration of 90% and then the cells were incubated on ice for an additional 30 min. After washing, cells were then labeled with rabbit anti-mouse HO-1 antibody and FITCconjugated goat anti-rabbit IgG secondary antibody for 15 min at room temperature. Additional surface staining was performed after intracellular staining. was assessed by a microplate scintillation counter (Packard Canberra, Dreieich, Germany). Data were expressed as counts per min per well (mean ± standard error). T cells stimulated with concanavalin A (Sigma) at a concentration of 4 μg/ml were used as positive control. Supernatants were obtained after 96 h and analysed for IFNγ by ELISA according to the manufacturer's protocol.
Mixed lymphocyte reaction (MLR) and IFNγ analysis.
T cell expansion. Spleens were harvested 14 days after BMT. Cells were stained for CD4 and CD8 surface expression and analysed by flow cytometry. T cell expansion was calculated by the absolute number of splenic cells multiplied by the percentage of CD4 + or CD8 + positive cells in the cell suspension.
TNFα analysis. For determination of serum TNFα, blood samples were collected from animals 7-14 days after BMT. Serum supernatants were then harvested for analysis.
Results
In vivo administration of CoPP did not induce HO-1 expression in splenic DCs and did not alter the alloantigenspecific T cell response in mixed lymphocyte reactions after stimulation with CoPP-treated DCs.
Dendritic cells are professional antigen-presenting cells that are believed to be responsible for initiating acute GvHD after allogeneic BMT (1, 24, 25) . As treatment of transplant recipients with CoPP prior to BMT reduced acute GvHD in a murine mouse model (21), we explored whether this effect was due to CoPP-induced changes in DC function and phenotype. Mice were treated with CoPP i.p. and DCs were isolated 24 h later from the spleen. HO-1 induction was not detected by flow cytometric analysis (Fig. 1A) . In addition no significant difference in T cell proliferation was observed in the mixed lymphocyte reaction (MLR) when CoPP-treated and untreated splenic DCs were used as stimulators. Also, IFNγ secretion did not differ in the supernatants from these MLR cultures (Fig. 1B and C) indicating that the allostimulatory capacity of DCs was not changed by CoPP treatment. CoPP treatment of macrophages in vitro resulted in an elevated HO-1 expression but did not affect the expression of costimulatory molecules such as CD80 and CD86. In addition, only a slight reduction of MHC class I and II expression was determined indicating that the activation status of the cells did not change significantly (Fig. 1D) .
In vivo administration of CoPP reduced the severity of acute GvHD after allogeneic BMT. To verify the protective effect of CoPP early after transplantation as seen in previous experiments from our group (21), B6D2F1 mice were treated with 125 μg CoPP intraperitoneally for two days (day -2 and day -1) and then irradiated with 12 Gy (day 0) followed by the infusion of 5x10 6 bone marrow and 5x10 6 splenic cells of C57Bl/6 mice. Syngeneic transplantation was performed with equal numbers of cells from B6D2F1 mice. Weight loss and clinical scores were evaluated daily for two weeks. As shown in Fig. 2A , both CoPP-treated and untreated syngeneic or allogeneic transplanted animals displayed weight losses of up to 20% on day four due to conditioning toxicity. On day five, syngeneic mice regained weight, while weight loss in allogeneic mice still increased. CoPP-treated allogeneic transplanted mice subsequently recovered earlier and faster than control mice (day 6-10) indicating that transplantationassociated toxicity and early acute GvHD were less severe in CoPP-treated animals compared to untreated animals after allogeneic BMT. This was confirmed by respective differences between groups using the clinical GvHD score, which incorporated changes in weight, fur, skin, mobility and posture (Fig. 2B) . The total score of CoPP-treated allogeneic recipients rose to 2.5 while control animals reached a score of 4 on day six.
CoPP treatment of recipients neither altered in vivo dendritic cell activation nor in vivo T cell expansion after allogeneic BMT.
Having shown a lack of significant effects on costimulatory molecule expression and allostimulatory capacity of CoPP treatment on DCs in vitro, we next determined the effects of CoPP on the allostimulatory capacity of dendritic cells after allogeneic transplantation in vivo. Transplantation was performed as described above and splenic DCs were isolated on day 1, 2 and 4 after transplantation. Flow cytometric analysis on day 1, 2 and 4 revealed that expression of CD80, CD86, MHC I and II was similar in cells from both the control and CoPP-treated allogeneic recipients (Fig. 3A) . As activated APCs are responsible for T cell proliferation and activation after BMT, we determined the splenic T cell expansion on day 14 after transplantion. As shown in Fig. 3B , neither CD4 + nor CD8 + T cell expansion was significantly different after allogeneic BMT in the CoPP-treated and control groups indicating that CoPP does not affect the allospecific proliferative T cell response in vivo. In addition, no difference in the cytolytic capacity of CD8 + cells after BMT independent of CoPPpretreatment was observed (Fig. 3C) .
CoPP treatment reduced TNFα serum levels after allogeneic BMT. As CoPP treatment did not affect the alloreactive T cell response both in vitro and in vivo, we extended our previous research (21) and tried to ascertain to what extent changes in weight loss may be due to differences in inflammatory cytokine production. We found that serum TNFα was significantly reduced in CoPP-treated animals after allogeneic BMT (Fig. 4) . These results reinforced our findings that the protective effects of CoPP-treatment in allogeneic BMT involve a reduction in the proinflammatory cytokine storm rather than alterations in allospecific T cell stimulation. + were analyzed by flow cytometry. Data are expressed as the means ± SEM from 2 independent experiments. n=8-12 per group. (C) Spleens were removed 14 days after allogeneic BMT and isolated T cells were used in a cytotoxic T cell assay with EL4 as syngeneic and P815 as allogeneic targets. Shown is one of three comparable experiments.
Discussion
The development of acute GvHD predominantly depends on the interactions of donor T cells with host APCs (1, 25, 26) resulting in an alloantigen-specific T cell response against host tissues. T cell priming in this context is significantly influenced by the state of APC activation due to 'danger signals' during and after conditioning of the patient (27, 28) . We have previously shown that in vivo administration of CoPP prior to allogeneic BMT leads to HO-1 induction, and to a reduction in clinical acute GvHD severity and to an overall improvement in survival (21) . However, the exact mechanisms responsible for these observations have not been fully understood at this time.
In this study, we investigated the effects of CoPP treatment on alloantigen presentation in this context. We found that, rather than the modulation of T cell activation by APCs, a change in the early systemic proinflammatory cytokine milieu after allogeneic BMT seemed responsible for modulating GvHD severity and survival.
Consistent with in vitro data showing that HO-1 expression is down-regulated in immature DCs by maturation stimuli such as lipopolysaccharide (LPS) and that mature DCs do not express HO-1 upon respective stimulation (29) , administration of CoPP in vivo did not induce HO-1 expression in splenic DCs. Further, HO-1 induction in vivo did not alter the expression of MHC class I and II molecules and of costimulatory molecules such as CD80 and CD86 in these cells (Fig. 1A) , consistent with results recently reported by Chauveau et al, who demonstrated no difference in CD80, CD86 and MHC I expression between untreated and CoPPtreated immature DCs as well as between CoPP-treated and LPS-matured human DCs in vitro (29) . To exclude that this may be specific for dendritic cells, other professional APCs were also tested. MHC I, MHC II and costimulatory molecule expression were not altered in peritoneal macrophages despite CoPP-mediated HO-1 induction (Fig. 1D) . It is well known that interactions of costimulatory molecules CD80/CD86 with T cell-expressed CD28 are necessary for T cell activation and expansion, and that inhibition of these interactions by using blocking antibodies against CD80 and CD86 results in reduced GvHD lethality (30) . Along with no changes in costimulatory molecule expression, in vitro alloantigen-specific T cell stimulation by in vivo CoPPpretreated DCs was comparable to PBS-treated controls and resulted in comparable T cell proliferation and IFNγ production both in our study (Fig. 1B and C) and as recently reported (29) for in vitro CoPP-pretreated DCs. Despite the indication that the in vitro allospecific T cell response against APCs, which were pretreated with HO-1-inducing CoPP either in vitro or in vivo, is not altered significantly, in vivo T cell responses might differ slightly depending on the presence of other co-stimuli of APC activation such as LPS (28) . This is supported by the fact that HO-1 induction prior to allogeneic BMT reduces irradiation-induced injury in radiation-sensitive organs such as the small bowel, which is associated with significant reduction in serum LPS levels (21) . LPS has been shown to activate APCs and to enhance alloreactive T cell responses (31) (32) (33) . This has been recently confirmed by Chauveau et al (29) . The authors were able to demonstrate an increased allogeneic stimulatory capacity for LPS-treated DCs, which was significantly reduced after a previous co-culture of DCs with LPS and CoPP, therefore suggesting an inhibitory effect of HO-1-induction in APCs on T cell activation in the presence of APC-activating costimuli. LPS further plays an essential role in the pathophysiology of graft-versus-host disease (34) by mediation of the inflammatory cytokine production early after transplant and subsequent regulation of the cellular effector phase later during disease development.
Concordant with the in vitro experiments, our in vivo results showed that neither CD4 + nor CD8 + T cell expansion was significantly different between the CoPP-treated and control groups 14 days after allogeneic BMT. However, T cells from CoPP-treated animals after allogeneic BMT seemed to have a tendency towards less expansion in secondary lymphoid tissues (Fig. 3B) , not ruling out that a reduced expression of other co-stimuli might have contributed to this effect.
It has been shown in various experimental studies, that HO-1 expression can directly suppress T cell proliferation (35, 36) . However, in these models T cells overexpressed HO-1 themselves or encountered CoPP directly with or without the presence of APCs. In our experimental setting, though, HO-1 expression was not primarily induced in T cells through CoPP treatment. Instead, T cells were inoculated into host mice, which were treated with CoPP two days prior to T cell administration. Therefore it seems most likely that, rather than reflecting CoPP-mediated effects directly on donor T cells, the observed slight suppression of T cell proliferation was primarily due to effects of CoPP-pretreatment on APCs, which became evident in the context of a pro-inflammatory microenvironment after lethal irradiation conditioning. The possibility that residual CoPP traces had a direct effect on the administered T cells and their proliferative potential, however, can not be totally excluded.
The pathophysiology of GvHD can be divided into different phases including an early inflammatory cytokine Figure 4 . CoPP treatment prior to allogeneic BMT resulted in reduced serum TNFα. B6D2F1 mice were treated with either CoPP or PBS and received BMT as described in Fig. 3 . Serum TNFα was analyzed on day 14 after transplantation by ELISA according to the manufacturer's protocol. Data are expressed as the means ± SEM and are from two combined experiments (n=10 animals per group).
* p=0.03 represents significant differences between PBS-and CoPP-treated animals.
response and a later occurring cytotoxic cellular effector phase. While the former significantly contributes to early mortality after transplant (37), the latter predominantly involves target tissue injury by infiltrating alloreactive T cells (38) . As neither donor T cell proliferation nor cytotoxic T cell function were significantly altered in allogeneic recipients pretreated with CoPP (Fig. 3C) , other factors seem responsible for the previously reported (21) decreased GvHD and improved survival after allogeneic BMT.
One of the major cytokines during the early inflammatory phase after allogeneic BMT is TNFα. TNFα levels and interactions between TNFα and TNF receptor type I (TNFR I) are directly associated with aGvHD severity and early mortality after allogeneic BMT both in clinical and experimental studies (4, 34, 39) . We previously demonstrated significantly reduced systemic TNFα levels 7 days after allogeneic BMT in CoPPtreated animals (21) . To extend these results, we tested whether the reduction in serum TNFα was persistent over a prolonged time period after BMT. TNFα levels were still decreased even 14 days after transplant (Fig. 4) and, as expected, reduced TNFα levels led to less aGvHD (Fig. 2) . As we previously published the survival benefit in response to CoPP pretreatment of allogeneic recipients in this model (21) , in this study survival experiments were not conducted. The scientific contribution to this manuscript of another set of survival experiments using living animals would have been only marginal and was not justified by German animal protection law.
In summary, CoPP-mediated HO-1 induction in allogeneic recipients results in improved survival and decreased clinical GvHD severity. As an extension of previous research from our group (21) , this study demonstrates that, rather than alterations in the alloantigen-specific T cell response, a downmodulation of the early inflammatory cytokine production by host macrophages, specifically of TNFα as one of the key player cytokines in GvHD pathophysiology, seems responsible. Further studies are necessary to elucidate the further role of HO-1 induction in altering the crosslinking between the adaptive and innate immune response after allogeneic BMT.
